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Abstract
Glare indices have yet to be extensively tested in daylit open plan offices, as such there is no effective
method to predict discomfort glare within these spaces. This study into discomfort glare in open plan
green buildings targeted full-time employees, working under their everyday lighting conditions. Three
green buildings in Brisbane were used for data collection, two were Green Star accredited and the other
contained innovative daylighting strategies. Data were collected on full-time employees, mostly aged
between 30 and 50 years, who broadly reflect the demographics of the wider working population in
Australia. It was discovered 36 of the 64 respondents experienced discomfort from both electric and
daylight sources at their workspace.
The study used a specially tailored post-occupancy evaluation (POE) survey to help assess dis-
comfort glare. Luminance maps extracted from High Dynamic Range (HDR) images were used to
capture the luminous environment of the occupants. These were analysed using participant data and
the program Evalglare.
The physical results indicated no correlation with other developed glare metrics for daylight within
these open plan green buildings, including the recently developed Daylight Glare Probability (DGP)
Index. The strong influence of vertical illuminance, Ev in the DGP precludes the mostly contrast-
based glare from windows observed in this investigation from forming a significant part of this index.
Furthermore, critical assessment of the survey techniques used are considered. These will provide
insight for further research into discomfort glare in the endeavour to fully develop a suitable glare
metric.
Keywords: discomfort glare; luminance mapping; POE; green buildings; office lighting; open plan
1. Introduction
Driven by the desire for sustainable building
practices, the Green Building Council of Australia
(GBCA) was set up in 2002 as a national, not-for-
profit organisation whose goal is to encourage the
adoption of green building practices [1]. It de-
veloped a voluntary environmental rating system
∗Corresponding author
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Hirning)
called Green Star that evaluates the environmen-
tal design and construction of buildings. As of
April 2012 there are 430 projects that are Green
Star certified with another 450 awaiting certifi-
cation. With green building incentives, daylight-
ing is receiving much greater attention in build-
ing design than it has previously [2–4]. However,
without a sound understanding of the accompany-
ing side-effects of daylighting (such as discomfort
glare) there is the risk of achieving poor occupant
comfort which may negatively impact on energy
savings [5]. At present, this risk appears to be
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reality, with studies both in Australia and over-
seas showing no evidence that levels of occupant
comfort and satisfaction in lighting are greater in
‘green’ rather than conventional buildings [6–9].
Despite numerous studies into discomfort glare
over the past 60 years there is no universally ac-
cepted assessment system that predicts the effects
of the luminous environment on building occu-
pants [10–12]. Anecdotal evidence suggests that
the perception of glare in contrived laboratory en-
vironments may differ from field situations where
there are real tasks to perform and windows with
interesting visual background stimuli [13]. Thus
the need exists for assessment of discomfort glare
to take place under real sky conditions in full-scale
rooms [14].
This study of discomfort glare in green build-
ings used three buildings located in Brisbane (Aus-
tralia). Each of the buildings was specifically de-
signed to include daylight as a significant lighting
component as well as provide occupant comfort.
Post-occupancy evaluations (POEs) of discomfort
glare were conducted and luminance maps extracted
from High Dynamic Range (HDR) images were
used to quantify the luminous environment of oc-
cupants. The objective was to explore the suit-
ability of current glare prediction models and use
the results to refine the methodology used to in-
vestigate discomfort glare.
2. Use of Luminance Mapping to Study Vi-
sual Comfort
A major obstacle in quantifying discomfort glare
is the difficulty in analysing complex lighting dis-
tributions. Previously, experiments could only be
designed to explore the most basic lighting se-
tups. Researchers did not have effective tools to
analyse complex variations of luminance within a
large field of view. In 1972 Hopkinson developed
the Daylight Glare Index (DGI) (Equation 1) [15]
by modification of the British glare index (BGI)
[16] to predict glare from a large area source i.e.
window. The physical measurements used point
luminance readings of fluorescent lamps behind
an opal-diffusing screen to validate subjective re-
sponses. The position index expresses the change
in discomfort glare experienced relative to the an-
gular displacement (azimuth and elevation) of the
source from the observer’s line of sight. Iwata
and Tokura [17] showed that sensitivity to glare
caused by a source located below the line of vi-
sion was found to be greater than the sensitivity
to glare caused by a source above the line of vi-
sion. Attempts have since been made to map the
relative sensitivity to glare over the entire visual
field [18].
DGI = 10 log10 0.48
n∑
i=1
L1.6s Ω
0.8
s
Lb + 0.07ω0.5s Ls
(1)
Where Ωs =
ωs
P
(sr) is the solid angle subtended
by the glare source modified by the position of the
source with respect to field of view and Guth’s
position index, P [19].
With current digital imaging technology and
techniques, such as High Dynamic Range imaging
(HDRi) [20], the luminance distributions of spaces
are able to be captured and analysed on a pixel-
by-pixel basis. This may allow the creation of
more effective metrics to predict discomfort glare.
In 2000, Schiler [21] used a conventional digi-
tal camera and captured a single exposure image
of a real office environment. A light source with
known luminance was placed within the space to
calibrate the images. A small number of occu-
pants were surveyed on the visual comfort of the
room. Histograms of the images were developed
and analysed to demonstrate that luminance maps
could be used to quantify or predict the presence
or absence of glare.
Osterhaus [22] extended the work of Schiler
in 2008 by using luminance histograms of HDR
images created with the RADIANCE simulation
environment [23]. The HDR images replicated the
conditions present from a previous study [24] from
which subjective responses were collected. Four
combinations of two parameters, mean luminance
pixel value and median luminance pixel, were used
to look for correlations between the subjective
data extracted from the previous study. The anal-
ysis revealed that images with the highest rating
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for discomfort glare also produced the largest dif-
ference between average (mean) and median pixel
luminance. The existing glare assessment meth-
ods (Daylight Glare Index [15], CIE Glare Index
[25] and Unified Glare Rating [26]) when applied
to the same conditions resulted in significantly
less predictive correlations.
The most extensive study of glare using lumi-
nance mapping technology, published in 2006, was
in the development of the Daylight Glare Proba-
bility Index (DGP) [27]. Whilst not conducted in
a laboratory, the study did use a very controlled
office test room under real sky conditions. The
luminance distribution of an occupant’s field of
view was recorded using relatively expensive but
precisely calibrated CCD cameras. These images
were analysed using the specially created RADI-
ANCE based program Evalglare [28]. The pro-
gram allowed for a number of strategies to be
implemented in assessing glare sources. Existing
glare indices were found to have low predictive
power, so a new index, the Daylight Glare Prob-
ability (DGP) index was created (Equation 2).
DGP =0.16 + 5.87× 10−5Ev +
9.18× 10−2 log
(
1 +
∑
i
L2s,iωs,i
E1.87v P
2
i
)
(2)
Where Ev is the vertical eye illuminance (lux);
Ls the luminance of source (cd/m
2); ωs is the
solid angle of source; P is the position index [17]
The DGP showed a very strong correlation
with users’ response regarding glare perception.
It should be noted that the DGP (Equation 2) is
only valid for values between 0.2 and 0.8 due to
the range of data collected during the experiment.
In 2009 Painter, Fan and Mardaljevic conducted
real-time discomfort glare monitoring of five work-
stations in three daylit offices over a one year pe-
riod at De Montfort University (UK) [29, 30]. The
study used an electronic survey form which was
displayed on the participants computer screen.
Participants were required to mark the level of
discomfort glare by moving a slider control along
a continuous scale that ranged from impercepti-
ble to intolerable. They also marked the source
of the discomfort on a field-of-view image of their
workstation. The physical conditions were mea-
sured simultaneously using luminance maps de-
rived from high dynamic range (HDR) images. A
camera for the luminance measurements was in-
stalled as closely as possible to the occupants seat-
ing position at head height and operated automat-
ically [29]. Survey responses and HDR luminance
measurements were collected at 30 minute inter-
vals during the working day.
The results showed the luminance values expe-
rienced at all workstations were relatively low for
daylit offices [30]. Even for workstations adjacent
to a glazed facade, relatively low illuminance val-
ues were recorded. However, the survey responses
showed glare was regularly experienced by all par-
ticipants. The study also found similar luminance
conditions were rated quite differently by differ-
ent participants. Values for the most typically
used glare metrics were calculated from the lumi-
nance maps and compared with the glare ratings
recorded during the study. No clear correlation
was found for any of the existing glare metrics,
including the DGI or DGP.
In 2010 a small study involving real partic-
ipants in an office test room was conducted by
Wymelenberg and Inanici [31]. The experiment
used 18 student participants tested in a private
university office. Luminance maps were used to
investigate luminance metrics (including the DGP
and DGI) in relation to visual comfort. partici-
pants were allowed to adjust the daylighting in
the office to create ‘preferred’ and ‘just disturb-
ing’ lighting. It was found that the simple metric
of mean luminance consistently outperformed the
more complicated metrics of the DGP and DGI.
The authors noted that due to the small sample
size and private single office the results could not
be expected to directly translate to open plan of-
fice types.
In 2011 Jakubiec and Reinhart conducted Ra-
diance [23] simulations of a real and theoretical
building in order to compare five discomfort glare
indices, DGI, UGR, CGI, VCP and DGP [32]. No
survey data was used in the study and Evalglare
was used to evaluate each metric. The DGP out-
performed the other glare metrics, epecially when
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there was direct sunlight within the scene.
3. Method
3.1. Data Collection Method
Post occupancy evaluations (POEs) are used
to evaluate occupant responses by means of ques-
tionaires. They focus on changes in an environ-
ment, where the evaluation takes place before and
after the change. When measurements are taken,
an attempt is made to link this response to phys-
ical quantities.
In this study, the POE was focussed solely on
discomfort glare. The POE and physical data
were collected simultaneously in functioning work-
place environments. The workplace is aware that
the POE will occur but the permission of partici-
pants isn’t granted to the surveyor until the time
the POE takes place. The goal was to collect data
that would be representative of a typical perma-
nent office worker in Australia.
This type of data collection separates the in-
vestigation from previous studies relating to dis-
comfort glare. This uncontrolled experimental
method brings with it challenges not present in a
controlled test room, yet it has great potential to
reveal more realistic metrics for discomfort glare
prediction.
3.2. POE Development
Figure 1 is the POE handed to participants.
It has been adapted from a POE created by the
Mobile Architecture Built Environment Labora-
tory (MABEL) project [33].
It is a single page survey structured as follows:
• Time and location details (surveyor com-
pletes)
• General lighting questions
• Glare indication diagram, for an occupant
to indicate where in their field of view a par-
ticular disturbing or distracting light source
is
• Personal questions relating to demography
and task performance
The survey is required to be very quick to
complete so it does not take up too much of the
employees’ time. However it must also capture
the important information required. The ultimate
goal is to find a method which can predict whether
discomfort glare will be experienced in a particu-
lar situation, not to quantify what level of glare
will be experienced. In addition to this, other fac-
tors which may potentially effect discomfort glare
are investigated. These factors were chosen for
the ease at which a person of a non-technical back-
ground could provide a meaningful answer as well
as their influence on discomfort glare as indicated
by previous research. The survey questions are
all checkbox, making it easy for occupants to fill
out quickly, avoiding answers requiring interpre-
tation.
3.2.1. General Lighting
The first general lighting question asks occu-
pants to describe their overall lighting conditions.
Of interest is whether there is a relationship be-
tween general lighting descriptors and glare. Be-
ing close to a window and rating the lighting as
being of low quality can result in glare problems
[34]. Five lighting descriptors were chosen to cover
a broad range of possible scenarios; gloomy, dim,
comfortable, bright, glary. Selection of one de-
scriptor would not exclude all others. It is ex-
pected that any occupant who selected comfort-
able, along with any other descriptor views their
current lighting in a positive manner.
The second general lighting question asks oc-
cupants what type of window view can be ob-
served from their workspace: urban view, natu-
ral view, sky view or no view. The definition of
the window view type was left up to the occu-
pant. The window plays a major role in discom-
fort glare and has been the focus of many stud-
ies into glare [27, 35, 36]. Windows can transmit
large amounts of solar radiation but also provide
interest, connection to the exterior environment
and visual amenity in a workplace. Location in
relation to the window, view type and quality is
important [37]. Research has shown people ex-
perience less glare in environments that allow an
interesting view [13, 38]. Nature views have been
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 REFERENCE:       DATE:       
   LOCATION:       TIME:       
 
 LIGHTING QUESTIONS  
 1. Please tick any number of options that describe the lighting in your workspace? 
 Gloomy                Dim               Comfortable               Bright             Glary   
 
2. How would you describe your exterior window view? 
 Window with urban view            Window with nature view      
 Window with only sky view        No viewing windows                  
 
3. Approximately how long have you worked under these lighting conditions? 
 < 1 Week  < 1 Month   < 6 Months       > 6 Months   
 
  
DISCOMFORT GLARE 
          
             Please click or mark the check   
             boxes on the view diagram to  
                     indicate  uncomfortable or  
                     distracting  glare.  Please mark as  
                     much of the glare source as possible.  
                     If it is possible view the raw camera  
                     image to obtain an accurate location  
             on the view diagram.  
  
  
  
  
  
  
  
  
  
 
 
PERSONAL 
1. Do you wear prescription glasses? 
 Reading          Driving       All the time           Never    
 
2. What is your age? 
 < 30    < 50        < 65               > 65    
 
3. Does your working day consist of predominantly screen based tasks? 
All week    3-4 days week    1-2 days week           Never    
Figure 1: Discomfort glare POE handed out to occupants
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found to be more pleasant or interesting than ur-
ban views with any view preferable to no view at
all [39].
The final general lighting question asks ap-
proximately how long a person has worked under
their current lighting conditions. The authors be-
lieve more weight should be given to responses for
people that work under particular lighting condi-
tions for a longer period of time. A new lighting
condition can seem unobtrusive at first but over
time can become problematic. A lack of familiar-
ity in a contrived lighting environment is believed
to be a significant factor in the resulting inconsis-
tency between previous glare indices.
3.2.2. Discomfort Glare
In this section the information required is pri-
marily the luminance distribution of a workspace
(captured through HDR images) in conjunction
with whether the participant is or is not experi-
encing discomfort glare. The only requirement is
an indication of where in the field of view, if at
all, it is uncomfortably bright.
3.2.3. Personal
There are three demographic questions on the
survey. The first relates to whether the person
wears glasses. There is a natural variation be-
tween people with regard to glare perception, an-
other reason why research into discomfort glare
has been problematic. People without perfect eye-
sight are sometimes excluded from glare studies.
However, 52% of the Australian population re-
port eyesight problems, including long and short-
sightedness, as a long-term medical condition [40].
Such a large proportion of the population is too
great to ignore from the survey.
The second question asks what age range the
person falls into. Australia has an aging popula-
tion and this is likely to be reflected in the partici-
pants. The median age is 36.9 years with the pro-
portion of people aged 15− 64 years being 67.5%
of the total population and the proportion of peo-
ple aged 65 years and over being 13.6% [41]. It
is unknown how all age related factors affect the
perception of discomfort glare. Two studies show
disability glare recovery time increases with age
[42, 43]. It is likely that people may be more sus-
ceptible to discomfort glare as they age but there
is no clear evidence of this. Most studies into dis-
comfort glare involve research conducted at uni-
versities and thus involve mostly young adult stu-
dents as participants who are not neccessarily a
reflective demographic of the wider working pop-
ulation.
The final question relates to the frequency at
which the person conducts screen based tasks.
An increasing majority of the working popula-
tion spend a large proportion of time conduct-
ing screen based tasks for employment. Vertical
screens provide a near vertical plane for reflection
of glare sources from windows, while also causing
an elevated eye level from which discomfort glare
from windows can be more prolific.
3.3. Physical Data
In a luminance map each pixel represents a
luminance which corresponds to a small portion
of the captured field of view. A High Dynamic
Range image (or HDR image) is similar to a nor-
mal image, but it can store a much greater range
of information. Therefore, a pixel allows real radi-
ance values to be stored in each RGB component,
instead of the standard range (0 − 255). A lu-
minance map can then easily be generated from
a HDR image by extracting only the luminance
information from the RGB components.
In this study the physical data collected in
parallel with the POE was in the form of HDR
images. These can be captured using a digital
camera fitted with a fisheye lens and the right
software [20]. Detailed calibrations of the camera
and lens system are required in order to produce
luminance maps suitably accurate for glare anal-
ysis [44–46]. HDR imaging is a useful tool that
has the ability to capture luminance values within
10% accuracy across a wide range of luminances
and multiple sources [47, 48].
The Nikon Coolix 8400 Digital Camera was
used to acquire all HDR images. In order to cap-
ture a wide field of view the FC-E9 Fisheye lens
(focal length = 5.6mm, 190◦ field of view) with
equidistant projection properties was attached to
form a camera lens system. In equidistant pro-
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jection the lens resolves an image such that the
angle of incidence of incoming light rays are pro-
portional to the distance from the image centre.
The implication is that all pixels in an image sub-
tend an equivalent solid angle. Multiple exposure
images of the same scene are combined to create a
single HDR image with relative luminances. Pho-
tometric calibrations providing corrections for vi-
gnetting and absolute luminance are then applied
to HDR images from which an accurate luminance
map can be extracted. Hirning et al [49] provides
details of the method used to produce the cali-
brated luminance maps used in this study. The
calibration procedure used the program pfstools
and its extension pfscalibration for HDR image
creation and calibration [50]. The system can cap-
ture a wide range of luminance values to within
8% accuracy in the laboratory.
Luminance mapping provides a way of collect-
ing high-resolution luminance data within a large
field of view quickly and efficiently. Most assess-
ments on the magnitude of discomfort glare are
based on five physical parameters, luminance of
glare source, apparent size of glare source (solid
angle), location of glare source within the field of
view (angular displacement from the vision axis),
the number of glare sources and background lu-
minance. For complex lighting distributions the
most effective way to determine the five parame-
ters is via a full field of view luminance map.
3.4. Buildings
The POE survey (Figure 1) with correspond-
ing physical measurements (Section 3.3) was con-
ducted in three buildings throughout the greater
Brisbane area. The buildings were all located
in isolated industrial areas. Thus there were no
surrounding buildings close by to obstruct day-
light making them ideal for the implementation
of daylighting strategies. Two of the buildings
were certified Five Star Green buildings which
was the highest rating at the time of construc-
tion. Currently, the highest Green Star rating is
Six Star. The other building, designed before the
Green Star initiative, was chosen for its integra-
tion of nature and daylight into the workspaces.
The main feature of the latter was a large central
atria and green space within the building. The
buildings were all open plan office spaces with a
few private offices for supervisors. The primary
work of employees in each of these buildings was
IT/administration. The surveys were conducted
over a day for each building between May and
February. The buildings were granted anonymity
as a condition of unrestricted access to them. For
two of the buildings the authors were previously
aware that there were ongoing glare issues within
each building.
The survey of the lighting conditions was con-
ducted, unlike laboratory glare studies, in an un-
balanced way. Due to the logistics of the survey
process it is not possible to survey any two peo-
ple under the same lighting conditions as these
are constantly changing whilst the survey is being
conducted. Therefore the surveyor uses discretion
to select who is asked and when they complete the
survey. Participants were chosen based on their
location within the workspaces and the conditions
at the time. Priority in survey was given to people
who work close to, and or are in view of a win-
dow. People on the eastern side of the buildings
were surveyed during the morning, and those on
the western side surveyed during the afternoon.
The method of collecting data was to ask a
participant to fill in the survey whilst the physical
(HDR) data was collected. A small explanation
of survey was given before it was filled out to in-
form people about the purpose of the survey. If
the participants asked any additional questions,
these were answered for them. The electric light-
ing was left on during the survey consistent with
the lighting conditions under which the partici-
pant normally worked.
4. Results
4.1. Physical Data
The survey data consisted of 64 complete sur-
veys. Of those, 36 reported discomfort glare and
28 reported comfortable lighting conditions. Ta-
ble 1 summarises the mean and median luminance
data. For each participant the mean luminance of
the HDR image was calculated. These mean lu-
minances were then averaged for participants that
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indicated comfort and discomfort respectively to
obtain the averaged mean luminance. This av-
eraging procedure was repeated for the median
luminance from each participant and subsequent
data tables (Tables 2 and 3). For Tables 1 and
2, people that had indicated glare on their com-
puter screen in the POE were excluded from the
data analysis. Three people that had worked un-
der their current lighting conditions for less than
1 week were excluded from all data analysis.
Comfort Discomfort
Averaged Mean
224 329
Luminance cd/m2
Standard
182 180
Deviation cd/m2
Averaged Median
114 156
Luminance cd/m2
Standard
96 89
Deviation cd/m2
Table 1: Mean and median luminance with
corresponding standard deviation (in cd/m2) of
luminance maps for comfort and discomfort
surveys
Based on the data used for Table 1 it was
found, using a two sample t-test, that there is
a probability of 0.98 that the averaged mean lu-
minance for discomfort is greater than the av-
eraged mean luminance for comfortable scenes.
Converserly, the same t-test applied to the me-
dian data yeilds a probabilty of 0.95.
Table 2 shows the comparison of results be-
tween user perceptions of glare to those theoret-
ically determined by Evalglare. The first column
shows the averaged mean luminance of glare sources
as indicated on the POE by respondents. The sec-
ond column shows the averaged mean luminance
of glare sources as determined by Evalglare. Eval-
glare was also used to calculate the DGP , DGI
and vertical illuminance (Ev). The fisheye lens
used in the research was equidistant. Each pixel
corresponds to an equivalent solid angle. Thus the
number of pixels that made up the glare sources
were used to calculate the solid angle.
Table 3 splits the user responses into different
glare types. Glare sources were distinguished as
one of three types; screen, window and other sur-
faces. A POE was classed as screen-based glare if
the participant indicated any glare on their com-
puter screen and window-based glare if the par-
ticipant indicated glare from windows but not on
their screen. If glare was neither screen nor window-
based and from another surface (excluding lumi-
naires), the POE was classed as being from other
surfaces. Only a single POE was classed in this
category and this was not included in Table 3.
Figures 2–4 show typical examples of the three
types of glare. Each figure shows the original
HDR (left) with the corresponding luminance map
(middle). The far right images are output from
Evalglare with each separately extracted glare source
shown in a different colour.
4.2. Survey Data
The categorical survey data is summarised in
Table 4. Note that the general lighting question
allowed respondents to give more than one an-
swer. The results showed of the 64 respondents
59 people worked full-time week, 35 were aged
between 30 and 50 and 45 people wore glasses.
This is representative of the working population
in Australia (Section 3.2.3).
In relation to view type, 35 people had a na-
ture window view and only 5 had no window view.
From Table 4 it was obvious some categories had
a much larger number of responses than others.
This identified a preferred participant within this
study, classified by working full time on screen-
based tasks, having a nature window view, aged
between 30 and 50 years and wearing glasses. Thus
the results of this investigation are indicative of
this preferred participant.
5. Discussion
Table 1 shows that both the averaged mean
luminance and averaged median luminance of a
workstation was significantly higher (p = 0.98 and
p = 0.95 respectively) for participants who indi-
cated some discomfort glare compared to those
who indicated no discomfort. The mean lumi-
nance appears to be a useful metric in this case
for assessing discomfort glare, as does the median.
8
M
e
a
n
G
la
re
M
e
a
n
G
la
re
D
G
P
D
G
I
V
e
rt
ic
a
l
S
o
li
d
A
n
g
le
S
o
li
d
A
n
g
le
S
o
u
rc
e
L
u
m
in
a
n
c
e
S
o
u
rc
e
L
u
m
in
a
n
c
e
Il
lu
m
in
a
n
c
e
(u
se
r
d
e
fi
n
e
d
)
(E
v
a
lg
la
re
)
(u
se
r
d
e
fi
n
e
d
)
(E
v
a
lg
la
re
)
E
v
sr
sr
cd
/m
2
cd
/
m
2
lu
x
D
is
c
o
m
fo
rt
(2
5
re
sp
o
n
se
s)
A
v
e
ra
g
e
d
14
32
31
29
0.
23
13
10
34
0.
60
0.
21
S
ta
n
d
a
rd
61
0
77
1
0.
03
4
60
5
0.
35
0.
12
D
e
v
ia
ti
o
n
C
o
m
fo
rt
(2
8
re
sp
o
n
se
s)
A
v
e
ra
g
e
d
0
32
36
0.
21
8.
8
65
4
0
0.
12
S
ta
n
d
a
rd
0
11
99
0.
04
5.
1
65
0
0
0.
09
7
D
e
v
ia
ti
o
n
T
ab
le
2:
T
h
e
ta
b
le
sh
ow
s
th
e
co
m
p
ar
is
on
of
d
at
a
b
et
w
ee
n
”p
ar
ti
ci
p
an
t
in
d
ic
at
ed
gl
ar
e
so
u
rc
es
”
an
d
gl
ar
e
so
u
rc
es
d
et
er
m
in
ed
b
y
E
va
lg
la
re
.
E
va
lg
la
re
w
as
u
se
d
to
d
et
er
m
in
e
b
ot
h
D
G
P
an
d
D
G
I.
M
e
a
n
B
a
ck
g
ro
u
n
d
M
e
a
n
G
la
re
V
e
rt
ic
a
l
L
u
m
in
a
n
c
e
(w
it
h
o
u
t
S
o
u
rc
e
L
u
m
in
a
n
c
e
Il
lu
m
in
a
n
c
e
g
la
re
so
u
rc
e
s)
(u
se
r
d
e
fi
n
e
d
)
E
v
cd
/
m
2
cd
/
m
2
lu
x
S
c
re
e
n
G
la
re
(9
re
sp
o
n
se
s)
A
v
e
ra
g
e
d
14
1
14
6
39
8
S
ta
n
d
a
rd
49
60
10
4
D
e
v
ia
ti
o
n
W
in
d
o
w
G
la
re
(2
4
re
sp
o
n
se
s)
A
v
e
ra
g
e
d
21
3
14
17
10
56
S
ta
n
d
a
rd
11
1
63
7
60
8
D
e
v
ia
ti
o
n
T
ab
le
3:
D
is
co
m
fo
rt
gl
ar
e
p
ar
ti
ci
p
an
ts
w
er
e
d
iv
id
ed
in
to
th
re
e
ca
te
go
ri
es
of
gl
ar
e;
sc
re
en
,
w
in
d
ow
an
d
ot
h
er
su
rf
ac
es
(n
ot
sh
ow
n
).
T
h
e
ta
b
le
sh
ow
s
th
e
d
iff
er
en
ce
s
in
b
ac
k
gr
ou
n
d
an
d
gl
ar
e
so
u
rc
e
lu
m
in
an
ce
fo
r
sc
re
en
an
d
w
in
d
ow
gl
ar
e
ty
p
es
.
9
The standard deviations (180 cd/m2 (mean) and
90 cd/m2 (median)) are quite large, greater than
80% of the averaged values for comfortable partic-
ipants and greater than 50% for participants with
discomfort. Even though higher averaged mean
and averaged median luminances of workstations
were more likely to be glary, the results do not
define a clear threshold value that could be used
for indicating comfort or discomfort.
Table 2 shows Evalglare calculated the DGP
and DGI to give comfortable indices for all partic-
ipants who indicated discomfort glare. The mean
DGP was 0.23 (which is just within the validity
range (0.2 to 0.8) of the index) and the mean DGI
was 13 (with a value of 18 indicating ‘just percept-
able’ glare). Looking at the details of Table 2 the
mean of user-defined glare sources is 1432 cd/m2,
which is ∼5 times the average scene luminance of
329 cd/m2. The average glare source luminance
as determined by Evalglare is 3129 cd/m2, ∼10
times the average scene luminance. In addition
to this the average solid angle is ∼3 times larger
in the user-defined sources (0.60 sr) than it is for
Evalglare (0.21 sr). However Evalglare did find
that the DGP and DGI were higher for discom-
fort compared to comfortable scenes. Based on
the data used for Table 2 it was found using a
two sample t-test that there is a probability of
0.87 and 0.94 that the DGP and DGI for discom-
fort is greater than the DGP and DGI for comfort-
able scenes respectively. Even though the average
glare source luminance was higher for comfort-
able scenes (3236 cd/m2) the average solid angle
(0.12 sr) and Ev (653 lux) was much lower. No
significant difference was found for the DGP and
DGI if a task zone in Evalglare was used.
A possible explanation for the low values of the
DGP and DGI obtained for uncomfortable scenes
may be the vertical illuminance values, Ev. In this
study the average Ev of uncomfortable scenes was
1034lux. In the development of the DGP the valid
range of Ev was 1000 to almost 10, 000lux [27]. In
the current study the majority of uncomfortable
scenes had Ev below this validity range. The DGP
data was collected from an unobstructed window
and performs best when there is direct sunlight
within a scene. Numerous studies [31, 32, 51] have
Response Counts
Answer Comfort Discomfort
Lighting
Glary 2 18
Bright 8 17
Comfortable 20 11
Dim 0 3
Gloomy 0 1
Window
Nature 15 20
Sky 4 4
Urban 6 10
None 3 2
Working
Over 6 months 19 31
Over 1 month 8 2
Over 1week 0 1
Under 1week 1 2
Glasses
All the time 9 9
Reading 8 16
Driving 0 3
Never 11 10
Age
Over 65 0 0
Under 65 9 6
Under 50 12 23
Under 30 7 7
Screen
All week 25 34
3-4 days 3 2
1-2 days 0 0
Never 0 0
Table 4: The table shows the number of survey
responses to each individual question in the
POE (Figure 1)
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(a) HDR Image (b) Luminance Map (c) Evalglare detected glare sources
Figure 2: Example of typical screen-based glare
(a) HDR Image (b) Luminance Map (c) Evalglare detected glare sources
Figure 3: Example of typical window-based glare
(a) HDR Image (b) Luminance Map (c) Evalglare detected glare sources
Figure 4: Example of other reflected glare
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found due to the strong linear dependance on Ev
(Equation 2) the DGP is less effective at predict-
ing contrast-based discomfort glare.
This current investigation, along with others
[30, 31], found that high vertical illuminances were
not prevalent in the workspaces studied. Exten-
sive shading or internal partitioning was avail-
able which obstructed direct sunlight from enter-
ing spaces. Therefore luminance contrast appears
to be the primary cause of discomfort glare.
Figures 2 – 4 show examples of Evalglare out-
put. Evalglare located slightly different glare sources
to those indicated by the participants. The elec-
tric lighting makes up most of the glare sources
even though no indication was given that the elec-
tric lighting was uncomfortable. The electric sources
do have high luminances, but are above the line
of sight of the task and are much smaller in size
compared to the daylight glare sources.
Initially all glare types were included in Ta-
bles 1 and 2 but this created confusing results, Ta-
ble 3 illustrates this. For screen-based glare, there
was virtually no difference between the average lu-
minance of the glare sources (146.4cd/m2) and the
background (140.7cd/m2). These participants are
experiencing a veiling reflection on their screen.
This veiling reflection made the task of viewing
text on the screen difficult and caused discomfort.
The lens-camera system did not have the reso-
lution to determine the contrast luminance be-
tween the text on the screen and the background
so no further insight could be gained on this glare
type. The most common type of glare was win-
dow glare, which is not surprising given the green
building type and subtropical conditions. The
window glare results were more indicative of what
was expected, where there appears to be contrast-
based glare from a large area glare source. There
was only one instance of glare from other surfaces
so it is difficult to draw any conclusions on this
one result.
A major aim of this study was to appraise
and refine the survey methodology to better assess
discomfort glare. Critically analysing the survey
handed to participants (Section 3.2) is a neces-
sary part of this process. For the General Im-
pressions question, 18 out of 20 people who felt
that their workplace was glary also experienced
discomfort glare at the time of the survey. Only
one person selected gloomy and the majority (31
people) selected comfortable. The question as it
was presented makes it possible for participants
to confuse their instantaneous impressions of the
workspace with their general impressions. It is too
difficult to make any link between the descriptors
and glare with this ambiguity. In future other
descriptors may be used in addition to those cur-
rently used.
With the window view question, the inference
was that natural views would be more pleasant
or interesting than an urban view and any view
would be preferable to no view at all. Drawing
such an inference was unnecessary. An additional
question could have been utilised, which asked for
an impression on the current view. Perhaps gain-
ing more insight by asking something like ‘If there
was uncomfortable glare present would they be
happy if the window was removed or would they
accept a more interesting vista?’.
The majority of people wore glasses (45 out of
64) which reflects the target demographics. How-
ever in hindsight, this question should have in-
cluded information about whether the person was
wearing glasses at the time of survey. If the person
selected ‘all the time’ or ‘reading’ there was the
assumption that they would be wearing glasses at
the time of survey. In future ’glasses’ will be re-
placed with ’corrective lenses’ to account for peo-
ple who are wearing contact lenses.
The indication of glare sources on the view di-
agram provided a unique perspective on discom-
fort glare. It worked adequately in terms of lo-
cating and extracting glare sources in the field of
view. However it is difficult for a person to ac-
curately indicate the shape and size of the glare
source on the view diagram. Compared to par-
ticipants, Evalglare consistently underestimated
the size of identified daylight glare sources. How-
ever, the possibility exists that participants may
have consistently overestimated the size of glare
sources i.e. indicating the entire window as a glare
source when only a portion of the window was
causing disturbance. Greater clarification on the
size of glare sources may be required from partic-
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pants in future.
A final modification of the methodology in the
future will be the perspective of the fisheye lens.
The lens can capture a 190◦ FOV in all direc-
tions. However the human visual field extends ap-
proximately 200◦ in the horizontal plane and 135◦
in the vertical plane. Thus the images contain
FOV information in the vertical plane that ex-
ceeds the FOV of human vision. This information
is included in background luminance calculations.
Much of the overhead electric lighting, which eval-
glare identified as potential glare sources, was not
within the typical field of view of participants.
In future, data analysis would be more rigorous
with the HDR images post-processed to remove
this confounding information.
6. Conclusion
This paper investigated discomfort glare at three
green buildings located in Brisbane (Australia).
The POE and physical data collection undertaken
in this study appears to be unique to glare stud-
ies. It is the only study conducted at the par-
ticipant’s own workplaces, all of whom have no
affiliation with the research institution. It is also
the only study that collects luminance and size
data for glare sources, as well as the glare loca-
tion within the field of view as specified by par-
ticipants. Unlike most glare studies where only
a few lighting conditions and tasks are investi-
gated thoroughly, many subtly different lighting
conditions and tasks were encountered. The data
reflect the variations present in real environments.
All the tested metrics (mean, median, DGP,
DGI) gave consistently higher values for uncom-
fortable scenes. For the average mean and aver-
age median luminance the variation in results was
too large to develop any adequate guidelines. The
DGP and DGI were unable to estimate the dis-
comfort experienced by any of the participants.
The vertical illuminances achieved within these
real office spaces was much less than those en-
countered in the experimental setups used to de-
velop these daylight glare indices. Future research
should focus on situations in which low vertical
illuminances occur (< 1000 lux) to reduce the
knowledge gap in contrast-based discomfort glare.
The majority of participants in the research
had vision corrections (requiring glasses), had to
perform screen based tasks full-time and were aged
35 − 60. There is a knowledge gap in how age
and eyesight related factors effect the perception
of discomfort glare. This research specifically tar-
geted demographics representative of the wider
working population in Australia. In total, 36 out
of 64 people experienced discomfort at the time of
survey. This lends support to the suggestion that
green buildings may not be achieving the com-
fort along with the subsequent energy savings it
is believed they would. Research is needed on
these types of buildings and on the people that
will occupy them to ensure that the maximum fi-
nancial, social and environmental benefits are re-
alised. The green building industry will continue
to grow and development of better glare metrics
will help improve green building design.
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